To explore the role of adult hippocampal neurogenesis in novelty processing, we assessed novel object recognition (NOR) in mice after neurogenesis was arrested using focal x-irradiation of the hippocampus, or a reversible, genetic method in which glial fibrillary acidic protein-positive neural progenitor cells are ablated with ganciclovir. Arresting neurogenesis did not alter general activity or object investigation during four exposures with two constant objects. However, when a novel object replaced a constant object, mice with neurogenesis arrested by either ablation method showed increased exploration of the novel object when compared with control mice. The increased novel object exploration did not manifest until 4-6 weeks after x-irradiation or 6 weeks following a genetic ablation, indicating that exploration of the novel object is increased specifically by the elimination of 4-to 6-week-old adult born neurons. The increased novel object exploration was also observed in older mice, which exhibited a marked reduction in neurogenesis relative to young mice. Mice with neurogenesis arrested by either ablation method were also impaired in one-trial contextual fear conditioning (CFC) at 6 weeks but not at 4 weeks following ablation, further supporting the idea that 4-to 6-week-old adult born neurons are necessary for specific forms of hippocampal-dependent learning, and suggesting that the NOR and CFC effects have a common underlying mechanism. These data suggest that the transient enhancement of plasticity observed in young adult-born neurons contributes to cognitive functions. V V C 2011 Wiley Periodicals, Inc.
INTRODUCTION
The hippocampus (HPC) is integral to novelty processing, which includes the detection of novelty, the deployment of attention, and memory encoding, all of which are critical for adaptive behavior (Sokolov, 1963; O'Keefe and Nadel, 1978; Brown and Aggleton, 2001 ). Functional imaging studies indicate that the HPC is one of a small number of brain regions that exhibits novelty-related activation (Tulving et al., 1994; Stern et al., 1996; Kirchhoff et al., 2000; Yamaguchi et al., 2004) . In humans and primates, hippocampal lesions have been shown to impair aspects of novelty processing (Cave and Squire, 1991; Reed and Squire, 1997; Beason-Held et al., 1999; Zola et al., 2000) , and to attenuate the autonomic response to novel stimuli as well as a characteristic novelty-evoked event-related potential, the P300 (Knight, 1996) . In rodents, the effects of HPC lesions on novelty detection are debated, but the balance of evidence suggests that these lesions impair novelty detection when novelty has a spatial or contextual component (Forwood et al., 2005; Goodrich-Hunsaker et al., 2005; Clelland et al., 2009; cf. McTighe et al., 2009) or when the retention interval is long (> 24 h) (Vnek and Rothblat, 1996; Clark et al., 2000; Gaskin et al., 2003; Hammond et al., 2004) , but may fail to impair novelty detection that is purely object-based (Winters et al., 2004) .
Within the HPC, neurons are continuously generated throughout adulthood from progenitor cells in the subgranular zone of the dentate gyrus (DG) (Gage, 2000; Ming and Song, 2005) . There is growing evidence that adult-born hippocampal neurons make a functionally significant contribution to learning, memory, and mood regulation (Kempermann et al., 2004; Doetsch and Hen, 2005; Lledo et al. 2006; Drew and Hen, 2007) . These neurons develop functional synapses, exhibit synaptic plasticity, and are activated in situations that evoke hippocampal-dependent learning (Wang et al., 2000; Ge et al., 2006; Kee et al., 2007) . Although ablation of hippocampal neurogenesis has been shown to impair performance in some HPC-dependent tasks, the literature contains many inconsistencies, which suggest that adult-born neurons are not required for all forms of HPC-dependent learning and may instead be required for some tasks only under particular conditions (Shors et al., 2002; Meshi et al., 2006; Saxe et al., 2006) .
Several lines of evidence suggest that young adult-born neurons may respond differently to novelty than their mature counterparts. Exposure to a novel environment increases the firing rate of inhibitory neurons in the DG (Nitz and McNaughton, 2004) , and, perhaps as a result of this, exploration of a novel environment is associated with increased dendritic inhibition of dentate granule cells (Moser, 1996) . Because young adult-born neurons are insensitive to or excited by GABA during the first weeks after their terminal division (Ge et al., 2006) , exploration of a novel environment, and the concomitant increase in inhibitory tone, may magnify their contribution to DG information processing. Consistent with this idea, the rate of neurogenesis in the DG is negatively correlated with locomotor reactivity to novelty (Lemaire et al., 1999) . However, from these correlational data, it is unclear whether the rate of neurogenesis has a causal role in novelty processing or whether neurogenesis rates are secondary to other processes that control the novelty response.
Here, we investigate the contribution of adult-generated neurons to novelty processing by examining how the arrest of adult hippocampal neurogenesis affects novel object recognition (NOR). We report that mice with arrested neurogenesis show a surprising increase in exploration of a novel object when compared with control mice. This increase in novel object exploration does not manifest until 4-6 weeks after the arrest of neurogenesis, suggesting that the behavioral effect depends on the depletion of highly plastic 4-to 6-week-old neurons. We further demonstrate that an impairment in contextual fear conditioning has a similar time-course after the arrest of neurogenesis, suggesting that this impairment and the NOR phenotype share a common underlying mechanism.
MATERIALS AND METHODS

Mice
129/SvEv age-matched adult male mice were purchased from Taconic (Hudson, NY) at 7 weeks of age and x-irradiated at either 9, 13, or 15 weeks of age. Transgenic (TG) mice expressing herpes simplex virus thymidine kinase from the mouse glial fibrillary acidic protein (GFAP-TK) promoter (line 7.1) were generated as previously described (Johnson et al., 1995; Bush et al., 1998) . We backcrossed the GFAP-TK transgene onto a 129/SvEv background for at least six generations and used 6-week-old male littermates derived from heterozygote x wild-type matings. Mice were housed four or five per cage in a 12-h (06:00-18:00) light-dark colony room at 228C. Food and water were provided ad libitum. Behavioral testing was performed during the light phase. The procedures described herein were conducted in accordance with National Institutes of Health regulations and approved by the Institutional Animal Care and Use Committees of Columbia University and the New York State Psychiatric Institute.
X-Irradiation
This procedure was performed as previously described (Santarelli et al., 2003) with the exception that mice used for novel object recognition paradigm experiments were anesthetized with pentobarbital sodium (Nembutal 1 sodium solution) (6 mg kg 21 ).
Drugs
Ganciclovir sodium (GCV) (Cytovene 1 -IV, Roche, Indianapolis, IN) was dissolved in sterile saline at a concentration of 25 mg ml 21 and delivered through Alzet osmotic minipumps (0.25 ll h 21 , 28 days) (Palo Alto, CA) implanted subcutaneously under isoflurane anesthesia. Osmotic minipumps were rotated under the skin two to three times per week.
Novel Object Recognition Paradigm
We used a modified version of the novel object recognition (NOR) task described by Ennaceur and Delacour (1988) . The testing room was lit with two 60-W light bulbs and behavior sessions were recorded with a video camera affixed to a tripod above the testing arena. The testing arena was a white, plastic transport box (55 3 40 3 15 cm 3 ) and was divided into two equal halves so that two sessions could occur simultaneously. The divider was made of the same white plastic as the transport box and measured 15 cm in height. Mice could not contact or see one another during the exposures. The transport box was filled with wooden bedding. The light intensity was equal in all parts of the arena ( 20 lx).
We used three different objects; each object was available in triplicate. The objects were (1) a blue, ceramic shoe (diameter 9.5 cm, maximal height 6 cm); (2) a black, plastic box (8 3 3 3 9.5 cm 3 ); and (3) a clear, plastic funnel (diameter 8.5 cm, maximal height 8.5 cm). The objects elicited equal levels of exploration as determined in pilot experiments (data not shown). A mouse could not displace the objects. The objects and the placement of the objects were fully randomized.
Mice were transported to the testing room in their home cages. NOR paradigm consisted of five 5-min exposures with 3-min interexposure intervals (Fig. 1A ). Mice were placed in the center of the arena at the start of each exposure. Between exposures, mice were held individually in standard cages, the objects and arenas were cleaned using PDI Sani-Cloth 1 HB Germicidal Disposable Wipes (Orangeburg, NY), and the bedding was replaced. Exposures 1-4 were habituation sessions with two objects placed symmetrically on either end of the arena 5 cm away from the wall. In exposure 5, one of the objects was replaced with a novel object. All mice were returned to their home cages at the end of the 5th exposure.
For the pre-exposure experiment, mice were pre-exposed to the NOR arena for 5 min, given a 3-min interexposure interval, and then given a 5-min exposure of the arena plus objects. A 3-min interexposure interval followed and a novel object replaced a constant object in the 3rd exposure.
Behavior was scored on videos by an observer blind to treatment or to genotype using the Stopwatch1 program (Center for Behavioral Neuroscience, Atlanta, GA). Each test session was scored continuously in its entirety. As a proxy for locomotor activity, a grid of six boxes was superimposed over the arena, and grid crossings were counted. Object investigation was defined as orientation of the head toward the object with the nose within 1 cm of the object. Investigation was not scored if the mouse was on top of the object or completely immobile.
Contextual Fear Conditioning
The procedure was based on those of Wiltgen et al. (2006) and Drew et al. (2010) . The fear conditioning procedure took place over two consecutive days. On day 1, mice were placed in the conditioning chamber, received a shock 180 s later (2 s, 0.75 mA), and were removed 15 s following the shock. Mice were returned to the conditioning chamber on the following day for 240 s for a test of context-elicited freezing. (Data from the 6 weeks. group only were previously published in Drew et al., 2010) .
Variations of the 1-shock procedure were used for the GFAP-TK TG mice. GFAP-TK mice received a shock at 180 s or at 360 s (2s, 0.75 mA), and were removed 15 s following the shock. As with the previous 1-shock procedure, mice were returned to the conditioning chamber on the following day for 240 s for a test of context-elicited freezing.
BrdU Injections
129SvEv mice were injected with 5 0 -bromo-2 0 -deoxyuridine (BrdU) (Roche, Indianapolis, IN) (150 mg kg 21 ) twice a day intraperitoneally (i.p.) for 2 days (300 mg kg 21 per day in 0.9% NaCl) at 1 day, or 1, 2, 4, or 6 weeks before the start of x-irradiation (n 5 5 mice/group). Mice were sham-and x-irradiated as previously described (Santarelli et al., 2003) . Mice were deeply anesthetized and brains were collected for immunohistochemistry 1 week following the last day of x-irradiation treatment.
Immunohistochemistry
Mice were deeply anesthetized with ketamine (100 mg kg 21 ) and transcardially perfused with cold 0.1 M phosphate buffer saline [phosphate buffered saline (PBS)], followed by cold 4% X-irradiation increases novel object investigation. (A) Schematic diagram of the NOR paradigm. Mice received four exposures to two objects. For exposure 5, one of the objects was replaced with a novel object. (B) Mice were x-irradiated or shamirradiated at 9 weeks of age and the NOR paradigm was administered 8 weeks later at 17 weeks of age. (C,D) General activity and investigation (habituation; averaged across both objects) declined across exposures 1-4 for both x-irradiated and sham mice. There was no effect of x-irradiation on either variable [Fs(1,19) < 1]. In exposure 5 (replacement), x-irradiated mice investigated the novel object more than sham mice (P 5 0.02), but the groups did not differ in exploration of the constant object (P 5 0.42). General activity during exposure 5 was not affected by x-irradiation (P 5 0.11). (E) The latency to investigate the novel object was shorter than the latency to investigate the constant object for both groups of mice (P < 0.01), and the latencies did not differ between groups (P 5 0.36). *P < 0.05. **P < 0.01. Error bars represent 6 standard error of mean (SEM).
paraformaldehyde (PFA)/0.1 M PBS. Brains were postfixed overnight in 4% PFA at 48C, then cryoprotected in 30% sucrose/0.1 M PBS, and stored at 48C. Serial coronal section (35 lm) were cut through the entire hippocampus on a cryostat, and stored in 0.1 M PBS with 0.1% NaN 3 .
For doublecortin (DCX) immunohistochemistry, sections were washed in 0.1 M PBS and then quenched in 0.3% H 2 O 2 in 0.1 M PBS/CH 3 OH (1:1) for 15 min at room temperature. Sections were then washed and blocked in 10% normal donkey serum in 0.1 M PBS with 0.5% Triton X-100 for 2 h at room temperature. Incubation with primary antibody was performed at 48C overnight (goat antidoublecortin, 1:500, Santa Cruz Biotechnology, Santa Cruz, CA, #SC 8,066) in 0.1 M PBS with 0.5% Triton X-100. Sections were then washed in 0.1 M PBS and incubated with a biotinylated secondary antibody (donkey antigoat; 1:250, Jackson ImmunoResearch, West Grove, PA) for 2 h at room temperature. For all experiments, excluding the time course DCX analysis, sections were then washed in 0.1 M PBS and treated next with avidin-biotin-peroxidase complex (ABC Elite Kit, Vector Labs, Burlingame, CA) followed by a 3,3 0 diaminobenzidine as a substrate for staining (Vector, Burlingame, CA). For the time course analysis (Supporting Information Fig. 1 ), sections were then washed in 0.1 M PBS and incubated with avidin-Cy3 (1:125, Jackson ImmunoResearch, West Grove, PA) and Hoechst (1:1,000) for 1 h at room temperature.
For BrdU immunohistochemistry in sham and x-irradiated mice, sections were first adhered to slides. Slides were soaked in 10 mM citrate buffer (pH 6.0) for 2 h at 958C and then rinsed in 0.1 M PBS. Incubation with primary antibody was performed at room temperature overnight (mouse anti-BrdU, 1:100, Becton Dickinson, San Jose, CA, 347580) in 0.1 M PBS with 0.1% Triton X-100. Slides were then washed in 0.1 M PBS and incubated with a biotinylated secondary antibody (goat antimouse; 1:200, Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. Slides were washed in 0.1 M PBS and treated next with avidin-biotin-peroxidase complex (ABC Elite Kit, Vector Labs, Burlingame, CA) followed by a 3,3 0 diaminobenzidine as a substrate for staining (Vector, Burlingame, CA). Finally, slides were counterstained using Nuclear fast red.
Cell Quantification
DCX1 and BrdU1 cells were counted on Axioplan-2 upright microscope. Every sixth section throughout the entire extent of the DG was counted. Throughout the experiment, the investigator was blind to the treatment status.
Statistical Analysis
Data were analyzed using StatView 5.0 software (SAS Institute, Cary, NC). The measures of interest were number of grid crossings (general activity) and duration of object investigation. For exposures 1 through 4, we analyzed the mean duration of investigation taken across the two objects. The data for exposures 1 through 4 were subjected to an Exposure X Treatment (x-irradiated v. sham) or Exposure 3 Genotype (GFAP-TK transgenic (TG) vs. wild-type (WT)) analysis of variance (ANOVA), with exposure as a repeated measure. For exposure 5, investigation times were subjected to an Object (constant vs. novel) 3 Treatment ANOVA, with Object as a repeated measure, and grid crossing data were subjected to t tests with treatment as the independent variable. In the initial experiment (Figs. 1C-E), interactions were probed using t tests with a Bonferroni-corrected alpha level. In subsequent experiments, planned comparisons were performed using t tests as described below. Alpha was set to 0.05 for all analyses.
RESULTS
Targeted Hippocampal X-Irradiation Increases Novel Object Investigation
Mice were tested in the novel object recognition (NOR) paradigm ( Fig. 1A ) 8 weeks after x-irradiation (Fig. 1B) . General activity (grid crossings) ( Fig. 1C ) and object investigation (averaged across the two objects) (Fig. 1D) were assessed during exposures 1-5. General activity and object investigation declined across exposures 1-4. An exposure 3 treatment (xirradiation vs. sham) ANOVA yielded a significant effect of exposure on general activity [F(3,57) 5 54.1, P < 0.01] and on investigation [F(3,57) 5 18.0, P < 0.01]. There was no effect of treatment on either variable [Fs (1,19) < 1], nor was there a significant exposure 3 treatment interaction [Fs (3,57) < 1.1, Ps >0.38], indicating that x-irradiation did not affect behavior prior to the introduction of the novel object. For exposure 5, we compared the investigation durations for the constant and the novel objects (Fig. 1D ). X-irradiated mice investigated the novel object more than sham mice, but x-irradiated and sham mice investigated the constant object for similar amounts of time. The treatment 3 object ANOVA on the investigation durations yielded a significant interaction effect [F(1,19) 5 4.9, P 5 0.04]. Post hoc (Bonferroni) tests confirmed that xirradiated mice investigated the novel object more than sham mice (P 5 0.02), but the groups did not differ in investigation of the constant object (P 5 0.42). General activity in exposure 5 was not affected by x-irradiation [t(19) 5 1.7, P 5 0.11].
Sham mice investigated the novel object and constant object in approximately equal amounts, suggesting that these mice failed to detect the novel object. This result is perplexing because WT mice typically exhibit a preference for novel objects (Dodart et al., 1997; Tang et al., 1999; S ik et al., 2003) . We thus asked whether another measure of performance would provide evidence that sham mice detected the novel object. We examined the latency to the first bout of investigation for both the constant and the novel object in exposure 5 (Fig. 1E) . Both x-irradiated and sham mice tended to investigate the novel object earlier than the constant object, and the latency to investigate the novel object did not differ between groups. The data were subjected to a 2 (treatment) 3 2 (object) ANOVA, which yielded a significant effect of object [F(1,48) 5 8.9, P 5 0.0044] but no effect of treatment [F(1,48) 5 0.9, P 5 0.36] or the interaction [F(1,48) 5 0.5, P 5 0.48]. We subjected the latency analysis data to planned comparisons (paired t tests comparing the latencies to the novel and constant objects). The analysis showed that both sham and x-irradiated mice approached the novel object earlier than the constant object (Ps <0.031, one-tailed). This result indicates that both sham and x-irradiated mice detected the novel object.
The Irradiation-Induced Increase in Novel Object Investigation Has a Delayed Onset Next, we examined the time-course with which the NOR phenotype manifests after x-irradiation. Irradiation kills dividing cells and very young neurons (Mizumatsu et al., 2003) , but many immature neurons are spared after x-irradiation. These spared immature neurons are presumably depleted only gradually through maturation. Because of the dynamic nature of the ablation, we hypothesized that examination of the time-course with which the NOR phenotype manifests after x-irradiation should reveal the cell-age at which adult-generated neurons influence behavioral performance in NOR.
The NOR procedure was conducted 2, 4, and 6 weeks after x-irradiation in different groups of mice ( Fig. 2A) . To confirm that the irradiation-induced arrest of neurogenesis lasted for the full duration of behavioral testing, we assayed doublecortin (DCX) immunoreactivity in x-irradiated and sham mice at 2 and 8 weeks post x-irradiation (Fig. 2B, Supporting Information  Fig. 1 ). DCX immunoreactivity was absent at both time points.
At 2 weeks post x-irradiation (Figs. 2C,D), sham and x-irradiated mice performed similarly. Although there appeared to be a modest effect of x-irradiation on investigation during exposures 1 to 4, evidenced by a significant Treatment X Exposure interaction effect [F(3,42) 5 2.9, P 5 0.05], post hoc comparisons (x-irradiated vs. sham) did not reach significance in any individual time bin (Ps >0.09). In exposure 5, neither sham nor x-irradiated mice showed a preference for the novel object [F(1,14) < 1], and there was no effect of x-irradiation on investigation (P 5 0.55) or on activity (P 5 0.83). At 4 weeks post x-irradiation, x-irradiated and sham mice again performed similarly in exposures 1 through 4. There was no effect of xirradiation on crossings or investigation (Fs <1). In exposure 5, both x-irradiated and sham mice investigated the novel object more than the constant object [F(1,20) 5 12.1, P < 0.01], but the preference was not significantly enhanced in x-irradiated mice; neither the effect of Treatment [F(1,20) 5 2.95, P 5 0.10] nor the interaction effect [F(1,20) 5 1.1, P 5 0.32] reached significance. At 6 weeks post x-irradiation, there was again no effect of x-irradiation during exposures 1 through 4 [Fs <1]. However, in exposure 5, x-irradiated mice investigated the novel object more than sham mice. Planned comparisons (t tests) confirmed that x-irradiated mice investigated the novel object more than sham mice [t(13) 5 2.2, P 5 0.047], but x-irradiated and sham mice did not differ in investigation of the constant object (P 5 0.718). To confirm that the onset of the NOR phenotype was related to the amount of time after x-irradiation and not to the absolute age of the mice, we x-irradiated a group of mice at 15 weeks of age and tested it in the NOR paradigm 2 weeks later (17 weeks of age) (Fig. 3A) . Performance was similar to that of the group that was x-irradiated at 9 weeks of age and tested 2 weeks later. In exposures 1 through 4, there was a significant effect of Exposure on crossings [F(3,54) 5 121.5, P < 0.001] and overall investigation [F(3,54) 5 28.6, P < 0.001] but no effect of Treatment [Fs(1,18) < 2.4, Ps >0.14] or of the interaction [Fs(3,54) < 1.6, Ps >0.20] (Figs. 3B,C) . In exposure 5, both groups of mice investigated the novel object more than the constant object [F(1,22) 5 24.3, P < 0.001], but there was no effect of the xirradiation treatment [Fs(1,22) < 1] (Fig. 3C) .
The control mice in these NOR experiments showed only a modest preference for the novel object, which may be due to the weak exploratory drive of the 129SvEv mice. Since pre-exposure to the arena appears to greatly enhance novel object preference (Stefanko et al., 2009) , and, as a result, is a common feature of NOR protocols, sham and x-irradiated mice were given pre-exposure to the arena before introduction to the objects (Fig.  4A) . When sham-and x-irradiated mice were given pre-exposure to the NOR arena, overall investigation of the objects increased, but this did not enhance novel object preference in either group of mice (Figs. 4B,C) .
In summary, although x-irradiation produces an immediate arrest of neuronal proliferation, the behavioral effect of x-irradiation in the NOR paradigm has a delayed onset. The NOR behavioral effect appears to depend on the gradual depletion of young adult-generated neurons as a function of time after x-irradiation.
Cells Killed by X-Irradiation are Less Than 4-Weeks Old
To more precisely identify the age of the cells that were directly ablated by hippocampal x-irradiation, mice were injected with BrdU 6, 4, 2, or 1 week(s), or 1 day before the start of x-irradiation (Fig. 5A) . The mean number of BrdU1 cells was most greatly reduced in x-irradiated mice injected with BrdU 1 day prior to irradiation (7568% reduction in x-irradiated mice when compared to sham mice; P < 0.01) (Fig. 5C ). BrdU1 cell counts were reduced to a lesser extent in mice injected with BrdU 1 or 2 weeks prior to x-irradiation (47% 6 19% and 47% 6 7%, respectively; Ps <0.05) (Fig. 5B) , indicating that the ablation is not strictly limited to dividing cells. Finally, there was no reduction in BrdU1 cells in x-irradiated mice that were injected with BrdU at 4 weeks (P 5 0.75) and 6 weeks (P 5 0.81) before x-irradiation, indicating that cells 4 weeks and older are spared by x-irradiation. These results indicate that cells 1 day old and younger are the most likely to be killed by x-irradiation, but cells between 1-and 28-days old are also killed by x-irradiation, thereby limiting the precision with which the age of cells ablated by x-irradiation can be identified.
Aging is Associated With a Decline in Hippocampal Neurogenesis and an Increase in Novel Object Investigation
Neurogenesis rapidly declines with age in adults of numerous species, including mice and rats (Seki and Arai, 1995; Kuhn Pre-exposure to the NOR arena fails to increase novel object preference. (A) Schematic diagram of the experimental time-course. Mice were pre-exposed to the arena before introduction of the objects. (B,C) Pre-exposure to the arena increased overall levels of object investigation in both groups of mice when a novel object was introduced; however, both groups explored the constant and novel object similarly (n 5 6-8 mice/group). Error bars represent 6 SEM. et al., 1996; Kempermann et al., 1998; Rao et al., 2005; Ben Abdallah et al., 2010) . Therefore, we conducted NOR in aged mice, hypothesizing that the NOR phenotype should be present in mice in which neurogenesis is naturally reduced by aging. Mice were x-irradiated at 9 weeks of age and NOR was performed 5 months later (Fig. 6A) . Interestingly, while DCX immunoreactivity is present in sham mice 6 weeks following sham-irradiation, it is absent in sham mice 5 months following sham-irradiation (Fig. 6B, Supporting Information Fig. 1) . DCX immunoreactivity is absent in x-irradiated mice at both time points. There was no effect of Treatment on general activity (Fig. 6C) or on object investigation (Fig. 6D) [Fs (1,18) < 1]. In exposure 5, both sham and x-irradiated mice explored the novel object more than the constant object [F(1,18) 5 34.9, P < 0.0001]; neither the effect of Treatment [F(1,18) < 1, P 5 0.9,957] nor the interaction effect [F(1,18) < 1, P 5 0.8027] reached significance. Performance in both groups was similar to that of the x-irradiated mice at 6 and 8 weeks post x-irradiation. These results are in accordance with our data suggesting that the NOR behavioral effect appears after a depletion of young adult-generated neurons. Here, the depletion occurred as a function of age rather than as a function of time after x-irradiation.
Genetic Arrest of Adult Neurogenesis Increases Novel Object Investigation
To confirm that the NOR phenotype is related to the arrest of adult neurogenesis rather than to some other effect of the x-irradiation procedure, we assessed NOR performance in GFAP-TK TG mice in which adult neurogenesis was suppressed with ganciclovir (GCV) for 4 weeks.
GCV treatment for 4 weeks (Fig. 7A ) did not alter body weight in either WT or GFAP-TK TG mice (Fig. 7B) . The number of DCX1 neurons was significantly reduced in GFAP-TK TG mice both at the termination of the GCV treatment and 2 weeks later at the time of behavioral testing. (Ps <0.05) (Figs. 7C,D) , indicating that GCV had significantly reduced neurogenesis. This observation suggests that neurogenesis was arrested in GFAP-TK TG mice.
WT and GFAP-TK TG mice were given a 4-week GCV treatment and then tested in the NOR procedure 2 weeks later (Fig. 7A) . NOR performance of GFAP-TK TG mice was similar to that of x-irradiated mice. There was no effect of genotype on general activity (Fig. 7E) [F(1,44) 5 1.4, P 5 0.250] or on object investigation (Fig. 7F) [F(1,44) 5 1.3, P 5 0.255] during exposures 1-4, and the genotype 3 exposure interactions were nonsignificant [Fs(3,132) < 1.1, Ps >0.38]. However, in exposure 5, GFAP-TK TG mice explored the novel object more than WT mice (Fig. 7F) . Planned comparisons confirmed that the GFAP-TK TG mice investigated the novel object more than WT mice [t(44) 5 2.1, P 5 0.041], but the groups did not differ in investigation of the constant object (P 5 0.453). General activity in exposure 5 did not differ significantly by genotype (P 5 0.098). Similar to the sham mice in the x-irradiation experiments, WT mice investigated the novel and constant objects in approximately equal amounts, suggesting that these mice failed to detect the novel object. Therefore, we examined the latency to the first bout of investigation for both objects in exposure 5, as we did with sham and x-irradiated mice. WT and GFAP-TK TG mice tended to investigate the novel object earlier than the constant object (Fig. 7G) . The latency data were subjected to a 2 (treatment) 3 2 (object) ANOVA, which yielded a significant effect of object [F(1,30) 5 10.2, P 5 0.0033] but no effect of Treatment [F(1,30) 5 0.03, P 5 0.87] or of the interaction [F(1,30) 5 1.6, P 5 0.22]. We subjected the latency analysis data to planned comparisons (paired t tests comparing the latencies to the novel and constant objects). The analysis showed that both WT and GFAP-TK TG mice approached the novel object earlier than the constant object (Ps <0.045, onetailed). These data indicate that both WT and GFAP-TK TG mice are capable of detecting the novel object.
The Effect of X-Irradiation on 1-Trial Contextual Fear Conditioning Has a Delayed Onset
To assess the generality of the time-course of the NOR phenotype, we asked whether another hippocampal-dependent task would reveal a similar cell-age at which adult-generated hippocampal neurons influence learning. We used a one-trial contextual fear conditioning (CFC) paradigm that has been previously shown by our lab to be sensitive to the arrest of adult hippocampal neurogenesis (Drew et al., 2010) .
The CFC procedure was conducted 2, 4, and 6 weeks after x-irradiation in different groups of mice (Fig. 8A) . At 2 and 4 weeks post x-irradiation (Fig. 8B ), sham and x-irradiated mice did not differ in their levels of (post-training) context-elicited freezing [Fs(1,18) < 1]. At 6 weeks post x-irradiation, x-irradiated mice exhibited significantly less context-elicited freezing than did sham mice [F(1,32) 5 7.1, P 5 0.012].
To confirm that the onset of the CFC phenotype was related to the amount of time after x-irradiation and not to the absolute age of the mice, we x-irradiated a group of mice at 13 weeks of age and tested it in the CFC paradigm 2 weeks later (15 weeks of age) (Fig. 9A) . Performance was similar to that of the group that was x-irradiated at 9 weeks of age and tested 2 weeks later (Fig. 8B ). Sham and x-irradiated mice did not differ in their levels of context-elicited freezing [F(1,27) < 1] (Fig. 9B) .
GCV Treatment Impairs 1-Trial Contextual Fear Conditioning in GFAP-TK TG Mice
To confirm that the CFC phenotype is related to the arrest of adult neurogenesis rather than to some other effect of the xirradiation procedure, we assessed CFC performance in GFAP-TK TG mice in which adult neurogenesis was suppressed with GCV for 4 weeks.
WT and GFAP-TK TG mice were given a 4-week GCV treatment and then tested in the CFC procedure 2 weeks later (Fig. 10A) . Fear conditioning was produced by placing a mouse in the conditioning chamber and delivering one footshock at 180 or 360 s later. In the test of context-elicited fear 24 h following training, GFAP-TK TG mice exhibited significantly less freezing than WT mice when the initial placement to shock interval (PSI) was 180 s [F(1,66) 5 4.0, P 5 0.0498] (Fig.  10B) . However, GFAP-TK TG mice exhibited similar levels of freezing as WT mice when the initial PSI was 360 s [F(1,15) < 1, P 5 0.8682] (Fig. 10C) . These data suggest that ablationinduced deficit in single-trial CFC can be rescued by providing increased exposure during the conditioning to the context.
DISCUSSION
This series of experiments yielded two main results: (1) mice with arrested neurogenesis showed a surprising increase in the exploration of a novel object relative to control mice, and (2) this behavioral phenotype, as well as an impairment in contex-
Aging is associated with a decline in hippocampal neurogenesis and an increase in novel object exploration. (A) Schematic diagram of the experimental time-course. (B) While DCX immunoreactivity is present in sham mice at 6 weeks post x-irradiation, DCX immunoreactivity is absent in sham mice at 5-months post x-irradiation. DCX immunoreactivity is also abolished in xirradiated mice at 6 weeks and 5 months post x-irradiation. (C,D) In exposures 1 through 5, x-irradiated and sham mice exhibited similar levels of general activity [F(1,18) < 1, P 5 0.596] and investigation [F(1,18) < 1, P 5 0.39]. Both groups of mice investigated the novel object more than the constant object, and there was no effect of x-irradiation on investigation of either object. Error bars represent 6 SEM.
tual fear conditioning (CFC), did not manifest until 4-6 weeks after the arrest of neurogenesis. Both behavioral phenotypes were produced by two independent methods of arresting neurogenesis, suggesting that both phenotypes are due to the arrest of neurogenesis, not side effects of the manipulations. Moreover, increased novel object exploration was also observed in older mice that exhibited a marked reduction in neurogenesis relative to young mice. These data suggest the arrest of adult hippocampal neurogenesis alters novel object recognition (NOR) and CFC specifically because of the loss of 4-to 6-week old neurons (Fig. 11) .
Immature, adult-generated granule cells have unique properties relative to mature granule cells. A recent study has found that cells between 1 and 3 weeks of age showed excitatory GABAergic responses, but that their GABA response changes from excitatory to inhibitory after about 3 weeks of age (Ge In exposure 5, GFAP-TK TG mice explored the novel object more than WT mice [t(44) 5 2.1, P 5 0.041], but the groups did not differ in investigation of the constant object (P 5 0.453). (G) The latency to the novel object was shorter than that to the constant object for both groups of mice (P < 0.01). There was no effect of genotype on the latency to either object (P 5 0.87). *P < 0.05. **P < 0.01. Error bars represent 6 SEM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] et al., 2006). However, it appears that young neurons older than 3 weeks of age are still less sensitive to GABA than their more mature counterparts (Ge et al., 2008) . Several studies have identified a second developmental window between 4-to 6-weeks old after mitosis during which neurons exhibit enhanced synaptic plasticity, evidenced by increased long-term potentiation (LTP) amplitude, decreased LTP induction threshold, and increased immediate-early gene expression during behavioral tasks (Ge et al., 2007; Kee et al., 2007) . This is the time window during which these young neurons express NR2B-containing NMDA receptors at high levels, a characteristic thought to contribute to enhanced plasticity (Ge et al., 2007) . Our results provide evidence that immature neurons in the 4-to 6-week old range modulate information processing and suggest, therefore, that the unique properties of immature neurons may be critical for mediating NOR and CFC performance.
Our birthdating experiment (Fig. 5 ) reveals some imprecision in the use of x-irradiation to estimate cell ages. Although the prepotent effect of x-irradiation is the killing of cells 1-day old and younger, x-irradiation kills some cells older than 1 day. Thus, from the x-irradiation experiments alone, it is conceivable that the elimination of cells older than 6 weeks contributes to the NOR and CFC effects. However, the additional information provided by our GFAP-TK experiments argues against a role for these older cells. In GFAP-TK transgenic (TG) mice, ganciclovir (GCV) halts neuronal proliferation but does not kill quiescent cells such as neurons (Garcia et al., 2004) . The presence of behavioral effects 6 weeks after the onset of GCV treatment indicates that the elimination of cells 6 weeks old or younger is sufficient to produce our behavioral effects. However, it is also possible that the behavioral delay reflects the gradual increase in the total number of missing neurons until a threshold is reached. Another possibility we cannot exclude is that compensating changes in mature granule cells contribute to the observed phenotype.
In contrast to numerous other studies, control mice in our experiments showed only a modest preference for the novel object. There are two likely explanations for this peculiar find-
The effect of x-irradiation on one-trial contextual fear conditioning has a delayed onset. (A) Schematic diagram of the experimental time-course. Mice were fear conditioned 2, 4, or 6 weeks after x-irradiation. Contextual fear conditioning was produced by placing a mouse in the conditioning chamber and delivering one footshock 180 s later. Mice were returned to the conditioning chamber 24 h later to assess for context-elicited freezing. (B) Context-elicited freezing was significantly reduced in x-irradiated mice when compared with sham mice at 6 weeks following xirradiation [F(1,32) 5 7.1, P 5 0.0119] but not at 2 or 4 weeks following x-irradiation [Fs(1,18) < 1]. *P < 0.05. Error bars represent 6 SEM. One-trial contextual fear conditioning performance is related to the length of time after x-irradiation rather than the absolute age of the mouse. (A) Schematic diagram of the experimental time course. Mice were x-irradiated at 13 weeks of age and then fear conditioned 2 weeks later. (B) X-irradiated and sham mice did not differ in the test of context-elicited fear conducted 24 h following fear conditioning [F(1,27) < 1, P 5 0.77]. Error bars represent 6 SEM.
ing. First, while the majority of other studies used C57Bl/6J mice, our experiments mainly used 129SvEv/Tac mice, which have a significantly weaker exploratory drive (Smith et al., 2009) . However, when our NOR paradigm is administered to C57Bl/6J mice, we do not detect an impact of ablation of hippocampal neurogenesis, possibly because these mice never fully cease investigation and exploring during the habituation exposures (Supporting Information Fig. 2) . Therefore, in a strain exhibiting high exploration, we do not observe a further increase in NOR investigation after ablation of hippocampal neurogenesis. Second, in the majority of our experiments, mice were not given pre-exposure to the NOR arena. In mice, preexposure appears to greatly enhance novel object preference (Stefanko et al., 2009) , and, as a result, this is a common feature of NOR protocols. However, when sham-and x-irradiated mice were given pre-exposure to our NOR arena, overall investigation of the objects increased, but this did not enhance novel object preference in our 129SvEv strain. Irrespective of the underlying cause, the low level of preference exhibited by our control mice was advantageous because it maximized the ability to detect an increase in the treatment groups.
The importance of the hippocampus (HPC) in object recognition processes has been debated. Many studies have focused on the importance of parahippocampal regions of the temporal lobe, namely the perirhinal cortex (PRC) (Murray et al., 2000; Gilbert and Kesner, 2003) . Lesions of the PRC disrupt object recognition memory (Aggleton et al., 1997; Bussey et al., 1999; Liu and Bilkey, 2001; Warburton et al., 2003; Winters et al., 2004; Winters and Bussey, 2005) , whereas hippocampal lesions sometimes impair object recognition (Murray and Mishkin, 1998; Mumby et al., 1999; Baxter and Murray, 2001; Mumby, 2001; Zola and Squire, 2001 ) and sometimes do not A schematic summary of neuronal differentiation in the DG. Cells aged 4-to 6-weeks old modulate NOR and CFC performance. At this time point, adult-born neurons have unique features that enhance plasticity, such as elevated expression of NR2B-containing NMDA receptors (Ge et al., 2007) . NR2B-containing NMDA receptors are denoted as red and black subunits.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] (Cave and Squire, 1991; Vnek and Rothblat, 1996; Reed and Squire, 1997; Beason-Held et al., 1999; Clark et al., 2000; Gaskin et al., 2003) . It has been suggested that NOR paradigms taking place within a complex spatial environment may be more sensitive to hippocampal lesions than NOR paradigms taking place in an impoverished environment (Winters et al., 2004) . In the complex environment, the HPC may generate holistic or conjunctive memory representations of the objects within their larger context, whereas in the impoverished environment, the PRC may be sufficient to represent objects independently of context. Our NOR paradigm is sensitive to hippocampal manipulations possibly because the apparatus offered visual access to the complex extra-maze environmental cues.
It is conceivable that the arrest of neurogenesis increases novel object investigation because it alters the balance between hippocampal-and PRC-mediated information processing. The impairment in CFC after x-irradiation or transgenic arrest of neurogenesis adds to the growing body of evidence that the arrest of adult hippocampal neurogenesis impairs aspects of spatial and/or contextual processing (Shors et al., 2002; Saxe et al., 2006; Drew et al., 2010) . Because the HPC often competes with other memory systems for dominance (Poldrack and Packard, 2003) , the impairment in hippocampal processing caused by the arrest of neurogenesis may increase reliance on extra-hippocampal processing resources, such as the PRC. Increased reliance on the PRC's object-centered encoding may, in turn, render mice more sensitive to object novelty. Indeed, recent evidence shows that hippocampal activity can interfere with object memory in NOR. Oliveira et al. (2010) found that deactivating the HPC after NOR training improved subsequent NOR performance. Interestingly, this improvement was only present in mice that did not receive pre-exposure to the NOR environment (like our mice), perhaps because the pre-exposure reduced the amount of hippocampal context processing occurring at the time of object encoding and/or consolidation. The increased novel object investigation in our neurogenesisarrested mice may thus stem from an impairment in hippocampal context encoding, which reduces contextual interference with object processing. The notion of decreased interference is something we already observed in a working memory paradigm where mice without neurogenesis were performing better than controls (Saxe et al., 2007) .
An alternate view is that the increased novel object exploration represents an impairment in acquisition efficiency. The cessation of object investigation is presumably controlled, at least in part, by the satiation of object encoding processes. If so, then a slowing of encoding processes would increase the duration of object investigation. There is evidence that DG manipulations can alter the rate of hippocampal encoding processes. It was recently shown that overexpression of the gene NCS-1 in the DG is sufficient to speed acquisition in the NOR paradigm (Saab et al., 2009) . In rodents, the rate of acquisition of the trace eyeblink conditioning is positively correlated with the amount of hippocampal neurogenesis (Leuner et al., 2004) . We have recently shown that single but not multiple-trial CFC is impaired in neurogenesis-arrested mice, suggesting that hippocampal neurogenesis is necessary for the rapid acquisition of one-trial CFC but is not necessary for the more gradual acquisition that takes place with multiple-trial CFC (Drew et al., 2010) . Furthermore, our current CFC data suggest that neurogenesis-arrested mice are impaired in single-trial CFC when the training interval is short but perform as well as WT mice if exposure to the training context is sufficiently long. The increased novel object investigation in neurogenesisarrested mice may therefore reflect a slowing of memory encoding rather than an enhancement of NOR.
In summary, our studies demonstrate that the arrest of neurogenesis increases the response to novel objects and impairs CFC, and that both of these effects depend on the elimination of 4-to 6-week old adult-born hippocampal neurons. Adultborn hippocampal neurons of this age may participate in these behavioral processes through their engagement in context learning (thereby modulating the balance between context and object processing) or by facilitating rapid memory acquisition. We further hypothesize that the enhanced plasticity of these young neurons is critical for their contribution to these behavioral processes.
